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Journal oAbstract The new bis-glucobenzimidazolone derivatives (24a–d) have been synthesized and char-
acterized by NMR spectroscopy. They have been tested as corrosion inhibitor for mild steel in
200 ppm NaCl solution using potentiodynamic polarization curves and electrochemical impedance
spectroscopy. Potentiodynamic polarization curve measurements showed that the investigated com-
pounds were a mixed-type inhibitor. Their inhibition efﬁciencies improve with concentration and
reached a maximum at 105 M of each compound and the 24b is better. Electrochemical impedance
spectroscopy measurements showed that the diagrams composed of two depressed capacitive loops.
This loop can be split into two capacities’ contributions, although badly separated. The ﬁrst loop is
attributed to the formation of a protective layer and the second is attributed to the charge transfer
resistance.
ª 2013 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
Corrosion process plays an important role in the ﬁeld of
economics and safety. Various types of steel including iron
and its alloys are used in different industries (Chemical and0 52 69 59; fax: +212 535 733
touir8@yahoo.fr (R. Touir).
Saud University.
g by Elsevier
. Production and hosting by Elsev
2.005
rissi, L. et al., Mild steel corrosion
f Chemistry (2014), http://dx.doi.oElectrochemical industries, Medical, Nuclear, Petroleum,
Power, and Food Production), and also in daily life. However,
it suffers from a certain type of corrosion within some environ-
ments. Due to the aggressiveness of some medium, corrosion
can be reduced by the addition of corrosion inhibitors in small
concentrations. Most commercial inhibitors are organic com-
pounds containing in their structure heteroatoms such as nitro-
gen, oxygen and sulfur (Cenoui et al., 2010; Deng et al., 2011;
Labriti et al., 2012; Ramesh et al., 2003; Zarrouk et al., 2012).
These compounds can form either a strong coordination bond
with metal atom or a passive ﬁlm on the surface (Gogoi and
Barhai, 2010). There is still a continuous investigation for
better inhibitors or blend of inhibitors to meet the demand
of the industry. The selection criteria for various inhibitorsier B.V. All rights reserved.
inhibition in 200 ppm NaCl by new surfactant derivatives of bis-glu-
rg/10.1016/j.arabjc.2013.12.005
2 L. Lakhrissi et al.include low concentration, stability in recirculation, cost effec-
tiveness and low operational hazard.
However, benzimidazolone derivatives constitute an impor-
tant class of benzoheterocycles, which constitute the building
blocks of wide range of therapeutic, biological and industrial
properties (Baragatti et al., 2000; Olesen et al., 1994; Zhang
et al., 2001; Biagi et al., 2001; Singh et al., 2001; Torres
et al., 2003). Also, some derivatives have been reported to
show complexant properties (Cignitti et al., 1995; Htay and
Meth-Cohen, 1976a,b; Meth-Cohen et al., 1982). In our previ-
ous work, we have shown that some series of glycobenzimi-
dazolone is present an important amphiphilic property
(Lakhrissi et al., 2008, 2010, 2011).
Firstly, the present work is aimed to synthesize and charac-
terize the bis-glucobenzimidazolone derivatives by NMR spec-
troscopy and secondly to evaluate their inhibition effect for
mild steel in 200 ppm NaCl using electrochemical techniques.
2. Experimental details
2.1. General method
All chemicals were purchased from Aldrich or Acros (France).
All solvents were distilled before use. Thin-layer chromatogra-
phy (TLC) was performed on Silica Gel 60 F254 (E. Merck)
plates with visualization by UV light (254 nm) and/or charring
with the vanillin-H2SO4 reagent. Column chromatography was
performed using 230–400 mesh E. Merck silica gel. Melting
points were determined on an automatic electrothermal IA
9200 digital melting point apparatus in capillary and areN
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Scheme 1 Synthesis of N,N’-1,3-bis-[N-3-(6-deoxy-3-O-methyl-D
24a–d.
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methanol, were measured with a digital polarimeter JASCO
model DIP-370, using a sodium lamp at 25 C. 1H NMR spec-
tra were recorded on a Bruker 300 WB spectrometer at
300 MHz, and 13C NMR spectra were recorded at 75 MHz
for solutions in CDCl3 or Me2SO-d6. Chemical shifts are given
as d values with reference to tetramethylsilane (TMS) as inter-
nal standard. Analytical TLC was performed on a Merck alu-
minum backed silica gel (Silica Gel F254), spots were
visualized in UV light. Column chromatography was per-
formed on silica gel (60 meshes, Matrix) by elution with hex-
ane–acetone mixture.
2.2. Compounds synthesis: synthesis of N,N0-1,3-bis-[N-3-(6-
deoxy-3-O-methyl-D-glucopyranose-6-yl)-2-oxo-benz-imidazol-
1-yl)]-2-alkyloxypropanes (24a–d)
Bis-benzimidazolone derivatives of glucose were synthesized
by grafting the 6-deoxy-3-O-methyl-D-glucopyranos-6-yl
group on the N-3 nitrogen atom of two benzimidazolone units
that are linked by an alkyloxypropylene group, as described
earlier (Lakhrissi et al., 2010). N,N0-1,3-bis-[N-3-(6-deoxy-
3-O-methyl-D-glucopyranose-6-yl)-2-oxobenzimidazol-1-yl)]-2-
alkyloxypropanes 24a–d were synthesized following Scheme 1.
The junction of the two N-isopropenylbenzimidazolone units
(Meth-Cohen et al., 1982) (step a) was performed by condens-
ing the 1-N-isopropenylbenzimidazolone 1 with epichlorohy-
drin in DMF in the presence of K2CO3 (Lakhrissi et al.,
2010). Subsequent alkylation of the free OH group by n-bro-
moalkanes (Lakhrissi et al., 2010) (step b), N-3 deprotectionN
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Mild steel corrosion inhibition in 200 ppm NaCl by new surfactant derivatives of bis-glucobenzimidazolones 3(step c), glucose derivative 6 (Goue´th et al., 1994; Lakhrissi
et al., 2004, 2010) condensation (Lakhrissi et al., 2010) (step
d), and ﬁnal deacetylation (step e), gave the compounds 24a–d.
2.3. Corrosion and its inhibition studies
The molecular formulas of the examined inhibitors are shown
in Fig. 1. Their concentration ranges were from 107 to
105 M. Corrosive solutions were prepared using NaCl pow-
der with distilled water. Before each experiment, mild steel
which its chemical composition is summarized in Table 1,
was mechanically polished with emery paper until 1200 grade,
degreased with acetone, rinsed with distilled water and dried at
hot air.
For electrochemical measurements, the working electrode
was coated in a pressure into a polytetraﬂuoroethylene holder
(PTFE) exposing only a 1 cm2 of area to the solution. Plati-
num and saturated calomel were used as counter and reference
electrode (SCE), respectively. All potentials were measured
against this last electrode. The working electrode was im-
mersed in test solution during 1 h until the steady state corro-
sion potential (Ecorr) was reached. The cathodic polarization
curve was recorded by polarization from Ecorr toward more
negative direction with a sweep rate of 1 mV/s. After this scan,
the same electrode remained in solution until obtaining the
steady state corrosion potential (Ecorr ± 0.002 V), and then
the anodic polarization curve was recorded from Ecorr to posi-
tive direction with the same sweep rate. The obtained polariza-
tion curves were corrected for the ohmic drop with the
electrolyte resistance determined by electrochemical impedance
spectroscopy. These measurements were carried out using a
Potentiostat/Galvanostat/Voltalab PGZ 100 monitored by a
personal computer. Three experiments were performed in each
case and the average corrosion rate was reported. All the ob-
tained standard deviation (SD) values are lower.
However, the overall current density, i, is considered as the
sum of two contributions, anodic and cathodic current ia and
ic, respectively. For the potential domain not too far from theN
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Figure 1 Structure of N,N0-1,3-bis-[N-3-(6-deoxy-3-O-methyl-D-
glucopyranos-6-yl)-2-oxobenzimidazol-1-yl)]-2-alkyloxypropanes
(n= 10, 12, 14, 16).
Table 1 Chemical composition of low carbon steel used in wt.%.
C Si Mn Cr Mo Ni A
0.11 0.24 0.47 0.12 0.02 0.1 0
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Tafel law (Stern and Geary, 1957), so we can draw:
i ¼ ia þ ic
¼ icorr  fexp½ba  ðE EcorrÞ  exp½bc  ðE EcorrÞg ð1Þ
where icorr is the corrosion current density (A cm
2), and ba
and bc are respectively the Tafel constant of anodic and catho-
dic reactions (V1). These constants are related to the Tafel
slope b (V dec1) in the usual logarithmic scale by:
b ¼ lnð10Þ
b
 2:303
b
ð2Þ
Corrosion parameters were then evaluated by the method
of nonlinear least square using Eq. (1). However, for this cal-
culation, the applied potential range was limited to ±0.100 V/
SCE with respect to Ecorr still signiﬁcant divergence has
sometimes been systematically observed for both anodic and
cathodic branches.
The inhibition efﬁciency of the studied compounds was
calculated using the following equation:
g ¼ i
0
corr  icorr
i0corr
 100 ð3Þ
where i0corr and icorr are the corrosion rates in the absence and
presence of inhibitors, respectively. The electrochemical
impedance spectroscopy measurements were carried out using
a transfer function analyzer (PGZ 100, Radiometer Analyti-
cal), with a small amplitude ac: signal (10 mV rms), over a fre-
quency range of 100 kHz to 10 mHz with ten points per
decade. The impedance diagrams were given in the Nyquist
presentation. To ensure reproducibility, all experiments were
repeated three times and the evaluated inaccuracy does not ex-
ceed 10%. The results were then analyzed using Bouckamp
program (Bouckamp, 1993). The inhibition efﬁciency was cal-
culated using the following equation:
g ¼ Rp  R
0
p
Rp
 100 ð4Þ
where R0p and Rp are the polarization resistance values without
and with inhibitors, respectively.
3. Results and discussion
3.1. Compounds characterization
The synthesized compounds were characterized by their melt-
ing points and spectral 1H and 13C NMR data. Physico-chem-
ical constants are given in Tables 2 and 3.
3.2. Polarization measurements
The effect of 24a, 24b, 24c and 24d was studied using potentio-
dynamic polarization curves. Fig. 2 shows the obtained resultsl Cu Co V W Fe
.03 0.14 <0.0012 <0.003 0.06 Balance
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Table 2 Physico-chemical constants of compounds 24a–d and
their precursors 23a–d.
Compound Yield (%) Mp (C) ½a26D ðc ¼ 1:0Þ a/b
23a (n= 10) 95 78–80 53.0* –
23b (n= 12) 93 70–72 49.5* –
23c (n= 14) 93 66–68 51.6* –
23d (n= 16) 92 62–64 47.7* –
24b (n= 10) 83 119–121 31.8–38.1** 6/5
24b (n= 12) 80 116–118 32,6–35,1** 4/3
24b (n = 14) 79 112–114 34,1–35,9** 6/5
24b (n= 16) 78 100–102 35,5–31,1** 4/3
* In CHCl3.
** In fresh MeOH and after 3 days.
4 L. Lakhrissi et al.of mild steel in 200 ppm NaCl in the absence and presence of
each compound at different concentrations. It can be remarked
that the cathodic branches do not show any linearity and con-
sidered as the sum of two curves, oxygen reduction (Eq. (5))
and hydrogen evolution (Eq. (6)). However, the anodic
branches also do not show any linearity due to the metal dis-
solution (Eq. (7)). For this, icorr, Ecorr, ba and bc were evaluated
from the experimental results using a user deﬁned function of
‘‘Non-linear least squares curve ﬁt’’ (using Eq. (1)) of graphic
software (Origin, Origin Lab). In all cases, the correlation fac-
tor R2 is greater than 0.999 indicating a reliable result. Fig. 3
shows, for example, the results of regression calculation for
the cathodic and anodic scan in the presence of 24b at various
concentrations. In this calculation, the potential domain isTable 3 NMR spectroscopic data of compound 23a in CDCl3 and
Compound Galactosyl moiety Oxo-benzimid
Moiety
23a
(n= 10)
H1:5.85(d, 2H, J1,2 = 3.3 Hz) Harom:7.00–7.
H2:4.55(d,2H, J2,3 = 0.0 Hz)
H3:3.85(d, 2H, J3,4 = 3.0 Hz)
H4:3.90(dd, 2H, J4,5 = 7.1 Hz)
H5:4.15(m, 2H, J5,6a = 14.5 Hz)
H6a:4.30(dd, 4H J6,6 = 6.4 Hz)
H6b:4.05(dd, 4H, J5,6b = 2.7 Hz)
OCH3:3.40 (s, 6H)
CH3iso:1.25–1.28 (4s,12 Hz)
OH:2.12 (s, 2H)
23a
(n= 10)
C1:105.1 C2a‚O:155.9
C3: 83.5 C2b‚O:155.8
C2: 81.8 C-8,C-9:129.4
C4:80.3 C-5,C-6:121.4
C5:68.3 C-4,C-7:108.5
C6:45.5
OCH3:58.2
(CH3iso)2:26.2;26.5
Ciso:111.7
24a
(n= 10)
C1a:92.2 C2a‚O:153.7
C1b:96.7 C2b‚O:153.8
C3a:82.8 C-8,C-9:129.3
C3b:85,9 C-5,C-6:120.6
C2a,C4a,C5a:71,7;71,3;69,3 C-4,C-7:108.2
C2b,C4b,C5b:74,2;73,8;73,6
C-6:43.0
OCH3:59.8
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work (Ghailane et al., 2013). It can be seen in this ﬁgure a good
agreement between the calculated and the experimentally
polarization data. Table 4 summarizes various corrosion
kinetic parameters so obtained.
O2 þ 2H2Oþ 4e ! 4HO ð5Þ
2H2Oþ 2e ! H2 þ 2HO ð6Þ
Fe! Fe2þ þ 2e ð7Þ
It is noted that the presence of all compounds suppressed
the cathodic or anodic reactions exceptionally 24c at 107 M.
These results indicated that these products act as mixed or
anodic-type inhibitor and the inhibition efﬁciency follows the
order 24d < 24c < 24a < 24b. The cathodic Tafel slopes, bc,
are changed with the inhibitor concentrations, indicating a
change in the hydrogen evolution reaction and reduction of
dissolved oxygen. But in the anodic domain, the I–E character-
istics are almost the same in the absence and presence of inhib-
itors; this can be explained by that these compounds block the
reaction sites of iron without affecting the anodic reaction
mechanism.
3.3. Electrochemical impedance spectroscopy
To conﬁrm the obtained results by potentiodynamic polariza-
tion curves and study the inhibition mechanism in more detail,
EIS was used. Nyquist plots for mild steel in 200 ppm NaClits precursor 24a in DMSO-d6.
azolyl Alkyl chain Propyloxy moiety
Moiety
20(m,8H) CHx3 : 0:80ðt; 3HÞ OCH:4.10(m,1H)
CHx12 : 1:03ðsext; 2HÞ NCH2:3.95(m,4H)
7CH2:1.15–1.40 (m, 14H)
OCHa2 : 3:30ðt; 2HÞ J1,2 = 5.5
Jx,x-1 = 7, 2
Ja,b = 6,4
CHx3 : 14:0 NCH2:43.6
CHx12 : 22:6 OCH:76.4
;129.6 CHc2 : 25:7
;121.6 5CH2:29.3–31.8
;108.6 CHb2 : 29:6
OCHa2 : 71:4
CHx3 : 13:8 NCH2:42.6
CHx12 : 22:0 OCH:75.4
;129.7 CHc2 : 25:0
5CH2:28.5–31.2
;108.6 CHb2 : 29:1
OCHa2 : 69:9
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Figure 2 Potentiodynamic polarization curves for mild steel in 200 ppm NaCl solution in the absence and the presence of 24a, 24b, 24c
and 24d at various concentrations.
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Figure 3 Wide potential range polarization curves for mild steel
in 200 ppm NaCl solution in the presence of 24b at various
concentrations.
Mild steel corrosion inhibition in 200 ppm NaCl by new surfactant derivatives of bis-glucobenzimidazolones 5after one hour of immersion time at the corrosion potential in
the absence and the presence of 24a, 24b, 24c and 24d at dif-
ferent concentrations are shown in Fig. 4. It may be noted that
the obtained impedance responses were signiﬁcantly changedPlease cite this article in press as: Lakhrissi, L. et al., Mild steel corrosion
cobenzimidazolones. Arabian Journal of Chemistry (2014), http://dx.doi.oby different inhibitor addition. It is also noted that these plots
consisted of two badly separated capacitive loops. The one at
high frequency was attributed to the adsorbed ﬁlm resistance
due to adsorption of the inhibitors and all other accumulated
products. Conversely, the one at low frequency was usually
attributed to the double layer capacitance and the charge
transfer resistance. Because of this poor separation and in or-
der to analyze the Nyquist plots impedance spectra more
quantitatively, an equivalent electric circuit with two time con-
stants was tried to reproduce these results by non linear regres-
sion calculation. This circuit for the impedance diagrams
presented in Fig. 4 is shown in Fig. 5. Where Rs indicates
the electrolyte resistance; Rf is the resistance associated with
the corrosion product layer formed with some amount of
inhibitor; Cf (CPE2) is that associated with the capacitance
of the same layer; Rct corresponds to the charge transfer resis-
tance; Cct (CPE1) is attributed to the double-layer capacitance.
The most important data obtained from the equivalent cir-
cuit are presented in Table 5. It may be remarked that Rp value
increases with concentration of all compounds with 24b have
the greater polarization resistance. This change can result from
a decrease in local dielectric constant and/or an increase in the
thickness of the electrical double layer suggests that the inhib-
itor molecules function by adsorption at the metal–solution
interface (Touir et al., 2010).
EIS impedance study also conﬁrms the inhibition character
of inhibitor obtained with polarization curve measurements.inhibition in 200 ppm NaCl by new surfactant derivatives of bis-glu-
rg/10.1016/j.arabjc.2013.12.005
Table 4 Electrochemical parameters for mild steel in 200 ppm NaCl in the absence and the presence of 24a, 24b, 24c and 24d at
various concentrations.
Compounds Ecorr mV/SCE icorr lA cm
2 ba V
1 bc V
1 g%
NaCl 200 ppm 500 21.64 12.42 1.21 –
24a 107 617 14.99 32.74 0.32 31
106 448 7.51 38.77 5.72 65
105 406 2.55 25.53 11.06 88
24b 107 444 8.37 18.98 6.01 61
106 449 5.60 39.36 7.58 74
105 406 2.14 25.15 13.06 90
24c 107 522 38.92 21.85 3.40 79
106 495 15.49 8.03 2.27 28
105 426 5.64 16.22 10.90 74
24d 107 510 8.82 36.94 4.64 59
106 486 6.57 19.76 -6.88 70
105 493 6.10 23.80 4.74 72
0 2 4 6 8 10
0
2
4
6
8
 200 ppm NaCl 
 10-7 M of 24a
 10-6 M of 24a
 10-5 M of 24a
ZRe (kΩ cm≤)
- Z
Im
 (k
Ω 
cm
2 )
0 2 4 6 8 10 12
0
2
4
6
8
10
 200 ppm NaCl 
 10-7 of 24b
 10-6 of 24b
 10-5 of 24b
-Z
Im
 (k
Ω 
cm
2 )
ZRe (kΩ cm≤)
0 1 2 3 4 5 6 7
0
1
2
3
4
5
6
- Z
Im
 (k
Ω 
cm
2 )
ZRe (kΩ cm2)
 200 ppm NaCl 
 10-7 of 24c
 10-6 of 24c
 10-5 of 24c
0 2 4 6 8 10
0
2
4
6
8
ZRe (kΩ cm2)
-Z
Im
 (k
Ω  
cm
2 )
 200 ppm NaCl
 10-7 M of 24d 
 10-6 M of 24d
 10-5 M of 24d
Figure 4 Nyquist diagrams for mild steel in 200 ppm NaCl containing different concentrations of 24a, 24b, 24c and 24d at the corrosion
potential.
Figure 5 Electrical equivalent circuit proposed to simulate the
impedance diagrams.
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The corrosion inhibition of mild steel in 200 ppm NaCl solu-
tion by new bis-glucobenzimidazolone derivatives was investi-
gated using potentiodynamic polarization curves and
electrochemical impedance spectroscopy. Potentiodynamic
polarization curve measurements showed that the investigated
compounds were a mixed-type inhibitor at low concentration.inhibition in 200 ppm NaCl by new surfactant derivatives of bis-glu-
rg/10.1016/j.arabjc.2013.12.005
Table 5 Characteristic parameters evaluated from impedance diagram for mild steel in 200 ppm NaCl at various concentrations of
different inhibitors.
Compounds Con. M Rs O cm
2 Rf O cm
2 Cf lF cm
2 Rct O cm
2 Cct lF cm
2 Rp O cm
2 g%
200 ppm NaCl 00 583 718 553 2902 548 3090
24a 107 462.6 2375 0.33 3451 115 4494 31
106 564.6 102 2.45 4078 390 4841 36
105 878.3 6815 0.58 7339 173 8272 63
24b 107 951.4 4221 0.75 5025 316 5332 42
106 977.8 2578 0.123 4942 322 5068 39
105 892.6 5404 0.58 9989 159 11125 72
24c 107 602.5 543.5 0.73 2237 569 2439 27
106 912 4804 0.26 3255 983 6417 52
105 641.4 47.9 0.25 6012 824 6512 53
24d 107 470.4 2275 0.11 3485 575 3686 16
106 766.9 286.5 0.27 4801 523 4984 39
105 783.6 2018 0.12 6637 191 7916 61
Mild steel corrosion inhibition in 200 ppm NaCl by new surfactant derivatives of bis-glucobenzimidazolones 7Their inhibition efﬁciencies improve with concentration and
reached a maximum at 105 M of each compound and the
24b is better. This behavior was conﬁrmed using electrochem-
ical impedance spectroscopy measurements by the formation
of a protective layer.References
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